Hydration pressure and phase transitions of phospholipids I. Piezotropic approach by Pfeiffer, H. et al.
Hydration pressure and phase transitions of phospholipids
I. Piezotropic approach
H. Pfeiffera,*, H. Binderb, G. Kloseb, K. Heremansa
aDepartement Chemie, Katholieke Universiteit Leuven, Celestijnenlaan 200 D, B-3001 Leuven, Belgium
bUniversita¨t Leipzig, Institut fu¨r Experimentelle Physik I, Linne´str. 5, D-04103 Leipzig, Germany
Received 19 July 2002; received in revised form 16 October 2002; accepted 14 November 2002
Abstract
Dehydration reduces the main phase transition pressure of phospholipids. An analysis based on the Gibbs–Duhem equation shows how
the shift of the transition pressure is correlated to the hydration pressure.
By using Fourier transform infrared (FT-IR) spectroscopy we determined the hydration-dependent phase transition pressure. The
application of our new approach gives hydration pressure values which agree with the values obtained with the osmotic stress method.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Surface forces are important in colloidal systems and
there is one dominating force at low hydration which
exceeds the predictions given by traditional interaction
theories (electrostatic, undulatory and van der Waals inter-
actions [1–3]). The force is called hydration force and it is
usually described by an exponential function versus the
surface distance, dW (Eq. (1)):
Fh ¼ Fh;0exp  dW
dW;0
 
ð1Þ
The parameters Fh,0 and dW,0 represent the hydration
force at zero hydration and the exponential decay constant,
respectively. However, the surface distance is not well
defined because of the rough nature of the surface of
phospholipids. Therefore, in the present paper we conse-
quently use the water content in order to quantify hydration.
Instead of hydration force, one may also consider hydra-
tion pressure. Hydration pressure is defined as the hydro-
static pressure which is required to maintain the chemical
equilibrium of the water phase with a water phase existing at
reference conditions [4]. The following equation gives the
empirical description:
Ph ¼ Ph;0exp  RW
RW;0
 
ð2Þ
where Ph,0 and RW,0 are the hydration pressure at zero
hydration and the decay constant, respectively. The water
content between the phospholipid surfaces, RW, is usually
expressed by the molar ratio of water and amphiphile:
RW ¼ nW
nA
ð3Þ
It must be stressed that the water content gives the macro-
scopic water-amphiphile composition. One may not auto-
matically assume that the water is always situated between
the bilayers. Some water can also be trapped in diffusionally
restricted or sealed micro-volumes such as water-filled pock-
ets. However, at reduced water contents (RW< 15) this effect
is negligible (see Ref. [5] and references therein).
Hydration pressure plays a role in lipids, surfactants,
DNA, proteins, polyelectrolytes and polysaccharides [6]. It
is of biological importance for the approach of biological
surfaces (e.g. stress on cartilage, cell fusion) as well as for
osmotic dehydration, such as in cryobiology (stress on
biomembrane components due to freezing induced dehydra-
tion, [7]). One of the fundamental methods to determine
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hydration pressure is the ‘‘osmotic stress method’’. This
method replaces piezotropic measurements by experiments
at isopiestic conditions. The basic idea is the assumed
equivalence of isopiestic sorption experiments and piezo-
tropic experiments [8]. According to the osmotic stress
method, lipids are placed in an arrangement where the water
activity, aW, is adjusted by a humidity-control system deter-
mining the amount of water vapour or by an osmotic solution
separated from the lipids by a semipermeable membrane. The
hydration pressure is given by:
Ph ¼  RT
VW
lnaW ¼ WW ð4Þ
where R is the gas constant, T the absolute temperature and
VW the molar volume of water [9]; WW is the water potential
[10,11]. If one determines the hydration parameter, such as
the water content, RW, and/or the water layer thickness, dW,
one obtains functional pairs of hydration pressure and hydra-
tion.
It was successfully proposed to use the melting temper-
ature of the hydration water to determine the hydration
pressure [12,13]. However, the calculation of hydration
pressure parameters by parameters of lipid phase transi-
tions is, to the best of our knowledge, only qualitatively
possible [14]. The present paper will offer a first quanti-
tative approach to the problem. Furthermore, due to the
pure thermodynamical character of the derivations, the
approach is also applicable to other substances such as
surfactants, DNA, proteins, polyelectrolytes and polysac-
charides.
2. Theory
The presented approach gives a simple relationship
between hydration pressure and main phase transition pres-
sure. Let us consider a phospholipid/water dispersion existing
in a two-state phase equilibrium (Fig. 1, liquid crystalline
phase, La–gel phase, Lh). Water and lipid are considered as
two components. According to the equilibrium condition, the
chemical potential of the lipid in the liquid crystalline phase
must be equal to the chemical potential of the gel phase.
lL;liq ¼ lL;gel ð5Þ
From this follows:
dlL;liq ¼ dlL;gel ð6Þ
The relationship between the change of the chemical
potentials of lipid and water, dlL and dlW, is given by the
Gibbs–Duhem relation,
0 ¼ nLdlL þ nWdlW ð7Þ
which is applied at both the left and the right side of Eq.
(6):
RW;liqdlL;liq ¼ RW;geldlL;gel ð8Þ
The change of the chemical potential can be expressed by
the second terms of the corresponding Taylor series,
dl ¼ Bl
Bp
 
a
dpþ Bl
Ba
 
p
da ð9Þ
where a is the activity of the water or the lipid. The
derivative of the chemical potential with respect to pressure
is the molar volume, VW, and the derivative with respect to
the activity can be obtained from the well-known relation-
ship, lW= lW,0 +RT dlnaW, which links the activity to the
chemical potential.
dl ¼ VWdpþ RT  dlnaW ð10Þ
A combination with Eq. (8) gives:
RW;liqðVW;liqdpþ VW;liqdWWÞ
¼ RW;gelðVW;geldpþ VW;geldWWÞ ð11Þ
where WW is the isopiestic water potential (see Eq. (4)).
Rearrangement leads to:
ðRW;gelVW;gel  RW;liqVW;liqÞdp
¼ ðRW;gelVW;gel  RW;liqVW;liqÞdWW ð12Þ
From this it follows easily:
dp ¼ dWW ð13Þ
Fig. 1. Main phase transition of POPC at 25 jC at full hydration (RH=
100%), detected by using the symmetric stretching vibrations, msym (CH2),
depending on hydrostatic pressure. The coexistence region between liquid
crystalline (La) and gel-phase (Lh) starts at the onset pressure Po and stops at
the completion pressure Pc.
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The absolute values of the differential shift of the
transition pressure and the isopiestic water potential are
thus numerically equal:
Z Ptr
PreðaW¼1Þ
dp ¼ 
Z WW
0
dWW ð14Þ
Integration of Eq. (14) gives the relationship between the
isopiestic water potential and the shift of the piezotropic
phase transition pressure:
Ptr  Ptr;0 ¼ DPtr ¼ WW ð15Þ
where Ptr,0 is the transition pressure at full hydration
(aW= 1). Given the relationship between hydration pressure
and isopiestic water potential (Eq. (4)), one can conclude
that the hydration pressure, Ph, is equal to the dehydration-
induced shift of the main phase transition pressure, DPtr:
Ph ¼ DPtr ð16Þ
3. Materials and methods
The test of our piezotropic approach requires the determi-
nation of the piezotropic phase transitions of phospholipids at
a low and defined degree of hydration. To the best of our
knowledge, such measurements have not been reported
before.
Two unsaturated phospholipids (POPC and DOPC) were
used and the phase transition parameters were determined
by Fourier transform infrared (FT-IR) spectroscopy. POPC
was hydrated, vortexed and annealed in a sample tube. The
water content, RW, was determined by weighing. After this,
the paste-like sample was directly mounted into the sample
holder of the diamond anvil cell (DAC).
An alternative hydration procedure (applied for DOPC)
was the hydration in the sample holder by a humidity-control
system. For this case, the sample holder of the DACwas filled
with the aqueous lipid solution and the pressure sensor
(powdered natural quartz). The water content was chosen
so that it was suitable for an easy filling. Then, the water was
removed using a dry stream of nitrogen gas [15]. In order to
adjust the humidity, a special cell was developed. It enables
the exposure of the sample holder to a defined humidity at
controlled temperature. The cell consists of a beaker, which
was sealed to prevent the exchange of water with the environ-
ment. The beaker was mounted in a box and temperature was
adjusted by using a tube connected to a thermostat which was
wrapped around the beaker. The beaker contains the sample
holder of the DAC as well as another beaker with the
saturated salt solution needed to adjust the required humidity.
The information about the resulting water content was finally
obtained from the usual sorption isotherms of POPC [16] and
DOPC [17]. After the hydration process, the DAC was
immediately sealed and mounted into the spectrometer. The
water peaks for different exposure times gave information
about the kinetics of hydration. For all exposing times, t>1 h,
there was no visible time-correlated change of the water peak.
In general, the required equilibrium was reached after a few
minutes at very low humidity up to 1 h at relative humidity
(RH) = 92%.
In order to trace the piezotropic phase transitions we chose
FT-IR spectroscopy. We used an FT-IR spectrometer (FT-IR
Bruker, IFS 66) equipped with a DAC (Diacell Products,
Leicester, UK). The thickness of the gasket was 25 Am and
the diameter of the sample hole was 0.6 mm. The pressure
was determined from the 695 cm 1 phonon band of natural
quartz, as described in Refs. [18,19]. The accuracy of
pressure determination is about 50 MPa in the present
 
Fig. 2. Transition pressure (circles) at 25 jC versus water content. The
transition pressure predicted by Eq. (17) is given by the open squares.
 
Fig. 3. Hydration pressure of POPC and DOPC at 25jC (solid symbols)
according to Eq. (16) versus water content. The hydration pressure calculated
with to the osmotic stress method (Eq. (4)) is given by the open symbols.
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configuration [20]. We found that the BaSO4 method [21] is
unsuited for pressure determination at low degree of hydra-
tion because of the hygroscopic nature of BaSO4.
4. Results and discussion
A typical main phase transition detected by FT-IR
spectroscopy is shown in Fig. 1. The discontinuous step
of the symmetric stretching vibration of the CH2 groups is
correlated with the trans-gauche isomerization in the hydro-
carbon chains of the lipid.
Fig. 2 shows the experimental transition pressure of the
lipid versus water content. The experimental results are
consistent with the predictions calculated according to Eq.
(17), which combines Eqs. (4) and (16):
Ptr ¼ Ptr;0 þ RT
VW
lnaW ð17Þ
The calculation of Eq. (17) required the knowledge of the
RHs (aW=RH/100) as a function of hydration, RW, and these
functional pairs were obtained from sorption isotherms
[16,17].
Thus, the determination of the piezotropic transition
pressure enables one to determine hydration pressure (Fig.
3). For this aim, one only measures the hydration-dependent
transition pressure and calculates the difference with the
transition pressure at full hydration. The transition pressure
at full hydration (25 jC) is 150F 50 MPa for POPC and
450F 50 MPa for DOPC.
The present procedure establishes one of the most direct
methods to determine hydration pressure. It is a piezotropic
method and the model makes use of very few assumptions
only. However, it has to be considered that hydration pressure
parameters depend on the phase state of the lipid [22] and our
method uses the parameters of phase equilibrium. Therefore,
we measure averaged values of two phases.
Unfortunately, the accuracy of pressure determination in
the DAC is very modest with respect to our requirements
(about 50 MPa). This is due to uncertainties in the spectro-
scopic determination of pressure. This prevents further inves-
tigation and application of this method. An alternative would
be the use of another pressure device. However, one will then
lose also the advantages of the DAC such as the extraordinary
low samples amounts and the extended pressure range.
In many cases, it is easier to measure thermotropic phase
transitions instead of piezotropic phase transitions. There-
fore, in an accompanying paper [23] it will be shown that it
is possible to apply Eq. (13) to thermotropic measurements
as well. The theory works in this case too, as will be shown
by a number of phospholipids.
Acknowledgements
This work was supported by the Deutsche Forschungsge-
meinschaft (SFB 294), the Katholieke Universiteit Leuven
and the COST D10 Action of the European Community.
Thanks to U. Dietrich for technical support.
References
[1] J.F. Nagle, S. Tristram-Nagle, Biochim. Biophys. Acta 1469 (2000)
159–195.
[2] J.N. Israelachvili, H. Wennerstro¨m, Nature 379 (1996) 219–225.
[3] J.N. Israelachvili, H. Wennerstro¨m, J. Phys. Chem. 96 (1992)
520–531.
[4] D.M. LeNeveu, R.P. Rand, V.A. Parsegian, Nature 259 (1976)
601–603.
[5] H. Binder, K. Gawrisch, Biophys. J. 81 (2001) 969–982.
[6] V.A. Parsegian, R.P. Rand, D.C. Rau, Methods Enzymol. 259 (1995)
43–94.
[7] J. Wolfe, Z.J. Yan, J.M. Pope, Biophys. Chemist. 49 (1994) 51–58.
[8] R.P. Rand, Annu. Rev. Biophys. Bioeng. 10 (1981) 277–314.
[9] D.M. LeNeveu, R.P. Rand, V.A. Parsegian, D. Gingell, Biophys. J. 18
(1977) 209–230.
[10] J. Adam, P. La¨nger, G. Stark, Physikalische Chemie und Biophysik,
Springer, Berlin, 1995.
[11] G. Bryant, J. Wolfe, Cryo-Lett. 13 (1992) 23–36.
[12] D. Bach, B. Sela, I.R. Miller, Chem. Phys. Lipids 31 (1982) 381–394.
[13] A.S. Ulrich, M. Sami, A. Watts, Biochim. Biophys. Acta 1191 (1994)
225–230.
[14] S.A. Simon, C.A. Fink, A.K. Kenworthy, T.J. McIntosh, Biophys. J.
59 (1991) 538–546.
[15] D. Carrier, P.T.T. Wong, Chem. Phys. Lipids 83 (1996) 141–152.
[16] B. Ko¨nig, PhD thesis, University of Leipzig, 1993.
[17] H. Binder, B. Kohlstrunk, H.H. Heerklotz, Chem. Phys. Lett. 304
(1999) 329–335.
[18] M. Auger, H.C. Jarrell, I.C.P. Smith, D.J. Siminovitch, H.H. Mantsch,
P.T.T. Wong, Biochemistry 27 (1988) 6086–6093.
[19] P.T.T. Wong, D.J. Moffatt, F.L. Baudais, Appl. Spectrosc. 39 (1985)
733–735.
[20] L. Smeller, Physica. B 265 (1999) 268–271.
[21] P.T.T. Wong, D.J. Moffat, Appl. Spectrosc. 43 (1989) 1279–1281.
[22] R.P. Rand, V.A. Parsegian, Biochim. Biophys. Acta 988 (1989)
351–376.
[23] H. Pfeiffer, H. Binder, G. Klose, K. Heremans, accompanying paper,
2002.
H. Pfeiffer et al. / Biochimica et Biophysica Acta 1609 (2003) 144–147 147
